The protease domain of the murine cytomegalovirus (MCMV) M80 open reading frame was expressed in and purified from Escherichia coli. The recombinant enzyme was recovered as a mixture of active one-and two-chain forms. The two-chain enzyme was formed by internal cleavage of the one-chain enzyme at the I site. Activity measurements showed that MCMV protease cleaves R-and M-site peptide mimics with kinetics similar to those of recombinant human cytomegalovirus (HCMV) protease. Both the MCMV and HCMV proteases cleave I-site peptide substrates very poorly, but the crystal structure of the HCMV protease indicates that the cytomegalovirus I site likely resides on a solvent-exposed loop close to the active site.
The protease domain of the murine cytomegalovirus (MCMV) M80 open reading frame was expressed in and purified from Escherichia coli. The recombinant enzyme was recovered as a mixture of active one-and two-chain forms. The two-chain enzyme was formed by internal cleavage of the one-chain enzyme at the I site. Activity measurements showed that MCMV protease cleaves R-and M-site peptide mimics with kinetics similar to those of recombinant human cytomegalovirus (HCMV) protease. Both the MCMV and HCMV proteases cleave I-site peptide substrates very poorly, but the crystal structure of the HCMV protease indicates that the cytomegalovirus I site likely resides on a solvent-exposed loop close to the active site.
Herpesviruses encode a unique serine protease that is necessary for viral replication (5, 10, 16, 26) . The organization of the protease open reading frame is conserved in all herpesvirus, with at least two mRNAs sharing a common 3Ј terminus transcribed late during infection (24) . The largest transcript encodes the protease fused to its major substrate, the assembly protein (10, 26) . The protease makes specific cleavages at consensus recognition sites, (V/L)-X-A2S, positioned between the protease domain and the assembly protein (R site) and near the carboxyl terminus of the assembly protein (M site) (26) . Cytomegalovirus CMV proteases make an additional cleavage at an internal site (I site) within the protease domain (1) ; however, the role of I-site cleavage is not understood since it appears to have little effect on catalytic activity (7, 14) . The unique fold of human CMV (HCMV) protease was recently illustrated by solution of its crystal structure (4, 17, 20, 23) .
Herpesvirus proteases are attractive targets for the development of new antiviral drugs. However, the species-restrictive nature of HCMV necessitates the use of related viruses, such as murine CMV (MCMV), as a model system. We report here on the biochemical properties of recombinant MCMV protease as expressed in and purified from Escherichia coli.
A recombinant plasmid containing the MCMV M80 open reading frame, pJML28 (11, 18) , was cleaved with restriction endonucleases ClaI and KpnI, and a 511-bp fragment encoding part of the protease but missing sequences at both the 5Ј and 3Ј ends was isolated. The missing 5Ј sequence was added by ligating a synthetic oligonucleotide, 5Ј-CTAGATGCCATGG CTCATCATCACCATCACCATACGGGCGACGCCGCTC GCGCGCCGGACGCGGGAT-3Ј, and its complement, 5Ј-C GATCCCGCGTCCGGCGCGCGAGCGGCGTCGCCCG TATGGTGATGGTGATGATGAGCCATGGCATC-3Ј. This "adaptomer" possesses a number of features in addition to replacing the missing 5Ј sequences: (i) it encodes six additional histidine residues for use as a purification tag, (ii) it contains a cleaved XbaI site at the 5Ј end, (iii) it includes an NcoI site just downstream of the 5Ј end, and (iv) it contains a cleaved ClaI site at the 3Ј end. Ligation of this adaptomer, the pJML28-derived ClaI-KpnI fragment and XbaI-plus KpnI-cleaved pUC18 (27) yielded pJML40. The missing 3Ј-end sequence was generated by a PCR utilizing oligonucleotide primers 5Ј-CA GACACGTTTCGCTC-3Ј and 5Ј-ACATAAGCTTCAGGCT TTGACGTACCTCT-3Ј with pJML28 as the template. The 313-bp amplification product was trimmed with HindIII and KpnI before ligation with the 576-bp XbaI-KpnI fragment from pJML40 and XbaI-plus HindIII-treated pUC19, yielding pJML42. The DNA sequence of the protease gene in pJML42 was analyzed to ensure that it was correct before its excision as an NcoI-HindIII fragment and ligation into the expression vector pMON5766 (15) , yielding pJML48. This construct expressed MCMV protease under the control of the nalidixic acid-inducible recA promoter. An extract prepared by sonication of cells (bearing pJML48 and induced with nalidixic acid) in lysis buffer (100 mM sodium phosphate buffer [pH 7.4], 300 mM sodium chloride, 25 mM imidazole) was clarified by centrifugation (10,000 ϫ g; 10 min). The supernatant was mixed with nickel chelate resin (Qiagen, Chatsworth, Calif.), incubated for 4 h at 4°C, and loaded into a small column. We minimized conversion of the one-chain to the two-chain enzyme (see below) by exclusion of glycerol from all of the buffers used for purification, since glycerol increases the activity of herpesvirus proteases (3) . After extensive washing with lysis buffer containing 25 mM imidazole, both the one-chain and two-chain MCMV proteases were eluted in highly purified form by using lysis buffer containing 300 mM imidazole (Fig.  1) . The one-chain enzyme migrated on sodium dodecyl sulfate (SDS) electrophoretic gels (9) with an approximate molecular mass of 33 kDa, whereas the two-chain form migrated as two separate bands with molecular masses of 18 and 15 kDa, respectively. The recovery of both the one-and two-chain forms of MCMV protease was expected because this protease has a conserved I site (11) and no changes were made in the protease gene to protect the expressed product from cleavage at this site. The one-chain MCMV protease was converted to the two-chain form during incubation in assay buffer (50 mM sodium phosphate buffer [pH 7.4], 150 mM sodium chloride, 10% glycerol, 1 mM EDTA, 1 mM dithiothreitol) at 20°C as shown in Fig. 1 . After 3 h of incubation, approximately 50% of the one-chain form was converted to the two-chain enzyme whereas incubation for 19 h resulted in conversion of greater than 90% of the one-chain form into the two-chain form (Fig.  1) . However, the conversion was sufficiently slow to allow par-tial characterization of the one-chain component as described below.
The identities of the one-chain and two-chain MCMV proteases were confirmed by amino acid sequence analysis of the respective purified proteins. Sequence analysis was performed on proteins separated by SDS-gel electrophoresis and transferred to polyvinylidene difluoride membranes as described previously (12) . Both the 33-and 15-kDa proteins ( Fig. 1) had the amino-terminal sequence NH 2 -AHHHHHHTGDA AR . . ., identifying them as the one-chain (33-kDa) enzyme and the amino-terminal chain (N chain) of the two-chain enzyme, respectively. Methionine residues were not detected at the amino termini on either of these proteins and were likely removed by E. coli methionine aminopeptidase (2) . Sequence analysis of the 18-kDa protein identified it as the carboxylterminal chain (C chain) of the two-chain enzyme but was complicated by double signals at most cycles during Edman degradation ( Table 1) . The multiple signals were resolved by considering the possibility that internal cleavage occurred at amino acid positions other than the predicted I site. Alignment of sequences expected from cleavages between the consensus P1-P1Ј (Ala 139 -Ala 140 ) and P1Ј-P2Ј (Ala 140 -Ala
141
) residues produced an expected output most consistent with the observed data (Table 1) . Based on this interpretation, the internal cleavage of the recombinant MCMV protease occurs not only at the predicted I site, VAA 139 2A but also one residue distal to this, at VAAA 140 2A. The predicted amino acid sequence of this MCMV recombinant one-chain enzyme has a molecular mass of 29,322 kDa (33 kDa observed), whereas the components of the two-chain enzyme have masses of 15,197 and 15,268 kDa for the N chains (15 kDa observed) and 14,152 and 14,081 kDa for the C chains (18 kDa observed). For reasons unknown, the C chain migrates approximately 4 kDa more slowly in SDS-gels than expected. It was fortuitous that our histidine-tagged recombinant enzyme preparation was expressed in predominantly soluble form. This enabled us to readily utilize a single chromatographic step to purify the enzyme from the soluble portion of a bacterial lysate.
The active species in this mixed preparation of one-and two-chain MCMV proteases were identified by the ability to incorporate
. DFP is a pseudosubstrate for serine hydrolases and, as such, can be used to identify active serine hydrolases by specific covalent modification of active-site serine residues (21) . Following incubation of the MCMV protease preparation containing both the one-and two-chain forms with [ 3 H]DFP for 17 h in assay buffer (50 mM sodium phosphate buffer [pH 7.4], 150 mM sodium chloride, 10% glycerol, 1 mM EDTA, 1 mM dithiothreitol) and exposure of the SDS-gel-fractionated reaction products to X-ray film (7), both the one-chain form and the N chain of the two-chain form were labelled (Fig. 2, lane 2) . It was possible that recovery of the labelled two-chain form resulted from I-site cleavage of the DFP-labelled one-chain form. However, incubation of a preparation containing only the two-chain form with [ 3 H]DFP also resulted in labelling of the N chain (Fig. 2, lane 4) . This result indicated that the two-chain form of recombinant MCMV protease is active. Labelling of only the N chain was expected, since the predicted active-site serine residue at position 128 is on this chain (11) . A similar DFP incorporation experiment was used previously to show the activity of both the one-and two-chain forms of recombinant HCMV protease (7) . Additionally, O'Boyle and colleagues demonstrated activity of the 2-chain form of HCMV protease by mixing of the separately expressed N and C chains (14) . Lastly, heterologous N and C chains of simian CMV and HCMV proteases form an active enzyme when coexpressed in mammalian cells (6) . We are currently investigating whether combinations of N-and C-terminal chains from the MCMV and HCMV proteases will combine to form active species as an indication of the relatedness of these two enzymes.
The activity of the two-chain MCMV protease was quantitated by estimation of the Michaelis constant, K m , and turnover number, k cat , for both M-and R-site peptide mimics ( Table 2 ). The two-chain enzyme was prepared by a 24-h preincubation of the initially purified MCMV protease in assay buffer (Fig.  1) . This ensured that the kinetic parameters were estimated from a homogeneous enzyme preparation. Assays were performed as previously described, by using fluorescamine coupling to measure peptide cleavage (7) . Specifically, the peptide substrates were acetyl-KLVNASAEP-amide (M site) and acetyl-TYVKASELPA-COOH (R site). The affinities of both of these peptide substrates for the active site were similar as judged by comparison of the respective K m values (Table 2) , whereas the turnover number for the M-site peptide was approximately four times as large. A preference for M-site peptide substrates has also been observed for recombinant HCMV protease (3, 22) . The kinetic parameters for recombinant twochain HCMV protease with an M-site peptide are included in Table 2 for comparison. Comparison to the two-chain HCMV protease is most relevant since our preparation of recombinant MCMV protease was allowed to convert to this form before the kinetics experiments were performed. The activity of the recombinant MCMV protease toward peptide substrates was similar to that of recombinant HCMV protease with respect to K m and k cat ( Table 2) . We made no changes in the I site of the MCMV enzyme to stabilize the one-chain form, since previous studies of HCMV protease showed little difference in activity between the forms (7, 14) .
It was of interest to test I-site peptide mimics as substrates against the MCMV and HCMV proteases, since both recombinant enzymes cleave at this site. Unexpectedly, I-site peptides were poor substrates for both enzymes whether they were in the one-or the two-chain form ( Table 2 ). The first-order rate constants (k cat /K m ) for the I-site peptide mimics are 30-to 50-fold less than those for the respective M-site peptide substrates. Thus, the respective Michaelis constants and turnover numbers could not be reliably determined. It was possible that one-chain enzymes have higher activity towards the I-site peptide mimics. However, neither a mixture of the one-and twochain MCMV protease forms nor the one-chain HCMV protease had significantly higher activity against these substrates ( Table 2 ). This ruled out the possibility that one-chain enzymes are more active toward the I site. Since the one-chain form of MCMV protease converts to the two-chain form (Fig. 1) , we examined the composition of the reaction mixtures by SDS-gel electrophoresis following termination of the assay and found that insignificant loss of the one-chain enzyme had occurred (data not shown). The presence of an active one-chain MCMV protease did not increase cleavage of the I-site peptide, suggesting that it also has low activity toward this substrate.
The seemingly contradictory observations that recombinant MCMV protease readily cleaves at the I site but I-site peptide mimics serve as poor substrates for this enzymes led us to examine the extent of two-chain enzyme accumulation in MCMV-infected fibroblasts (Fig. 3) . Since the herpesvirus protease open reading frame is expressed late during infection, little or no protease was detected 0 to 24 h postinfection. However, at 48 h postinfection and continuing to 7 days, there was abundant expression of the M80 open reading frame as evidenced by the detection of strong protease-positive signals at 80, 75, and 33 kDa. We interpret the 80-kDa band to be the full-sized protease assembly protein fusion (predicted molecular weight, 73,993), whereas the 75-kDa band is most likely the protease assembly protein fusion modified by cleavage at the M site (predicted molecular weight, 69,542). The 33-kDa minimal protease (predicted molecular weight, 28,570) was detected in quantities similar to those of the larger protease assembly protein forms. However, in contrast to the 80-, 75-, and 33-kDa forms, the two-chain enzyme was barely detectable at any time during the infection. Inability to detect larger amounts of the two-chain enzyme was not due to failure of the antibodies to bind to these polypeptides, since they detected less than 5 ng of the recombinant MCMV protease on other immunoblots (data not shown). There were a number of less intense immunoreactive bands of approximately 43 and 55 kDa that appeared to become more prominent later during infection. These may represent the products of protease cleavage at other potential cleavage recognition sites (8, 13, 25) , but the significance of such cleavages is not clear.
The lack of activity of both the MCMV and HCMV proteases towards I-site peptide substrates was not expected because both recombinant enzymes readily convert to the twochain form when the I site is unaltered. The peptides used in these experiments do not completely conform to the VxA2S consensus of CMV protease but, instead, have VxA2A sites. Examination of the three-dimensional structure of the HCMV protease (4, 17, 20, 23) suggests the possibility that the I site lies on a solvent-exposed loop that is close to the active site of the protease. Coordinates for HCMV protease (20) were processed by using the RasMol program (19) to display the alphacarbon backbone of one subunit of the HCMV protease dimer (Fig. 4) . The configuration of this region of the protease has not been determined, but the positions of the residues adjoining this region, Ser 134 and Pro 154 , are consistent with the above hypothesis. Such close proximity to the active site would increase the effective concentration of the I site, thereby providing an explanation for its cleavage. Interestingly, there is some variation in the size of the internal cleavage site loops between different CMVs. This region of MCMV protease is several residues larger than that of HCMV and simian CMV (11) . The context of this loop may impose particular conformations that provide for multiple I-site cleavages in MCMV protease (Table 1).
However, it remains to be understood why I-site cleavage is not predominant during viral infection. The detection of small quantities of the two-chain enzyme was previously described for HCMV-infected cells (1) and is described here for MCMV. The fact that the I site is conserved in the CMVs suggests that it serves an important role during virus replication (1). However, its cleavage does not cause any significant change in activity nor can we detect large amounts of the two-chain form during virus infection. Elucidation of the role of I-site cleavage may come through the study of a recombinant CMV in which this site has been ablated.
